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Compression of the dc drain current by electron trapping
in AlGaN ÕGaN modulation doped field-effect transistors
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The frequently observed dc drain current compression of AlGaN/GaN modulation doped field-effect
transistors is associated with partial loss of the two-dimensional electron gas caused by electron
trapping. The behavior of the temperature-dependent electron concentration and persistent
photoconductivity at low temperature in the AlGaN/GaN modulation doped heterostructure are
indicative of the presence of DX centers in the AlGaN layer. Deep-level transient spectroscopy of
the drain current reveals carrier trapping with activation energy of 0.28 eV. However, this value
appears to be too small to explain the compression of the dc drain current or to attribute these traps
to DX centers in AlGaN. ©2001 American Institute of Physics.@DOI: 10.1063/1.1367274#
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In recent years, AlGaN/GaN modulation doped fie
effect transistors~MODFETs! with high-power and high-
frequency characteristics were successfully fabricated
demonstrated superb microwave power performance1–3

However, Nguyen, Nguyen, and Grider reported compr
sion of the drain current at microwave frequencies and att
uted it to the loss in carriers caused by the trapping of e
trons in the AlGaN layer or at the surface of the device.4 The
collapse of the drainI –V characteristics was also observ
at low temperature in AlGaAs/GaAs MODFETs5 and was
explained by electron trapping by DX centers in the Si-dop
AlGaAs layer.6 The DX centers in Si-doped AlGaAs hav
been intensively studied in the 1980s.7 They typically reveal
a capture barrier, caused by large lattice relaxation, that g
rise to persistent photoconductivity~PPC! at low tempera-
tures. Recent theoretical calculations8,9 predicted oxygen
forms DX-type centers in wurtzite AlN with the oxyge
atom relaxed along the@0001# direction. McCluskeyet al.
presented experimental evidence that oxygen is indeed a
center in AlxGa12xN for x.0.27, based on the Hall effec
PPC, and optical threshold measurements.10

In this letter, we discuss the effects of electron trapp
on the electron concentration and mobility of AlGaN/Ga
modulation-doped heterostructures and on the compres
of the dc drain current observed at room temperature in
AlGaN/GaN MODFETs. To elucidate clearly the effects
traps, only devices with pronounced current compress
were selected for this study. Drain-current deep-level tr
sient spectroscopy~DLTS! was performed in order to furthe
characterize the carrier traps.

a!Author to whom correspondence should be addressed; on leave from
Department of Electronic Engineering, The University of Electr
Communications, Chofu-shi, Tokyo 182-8585, Japan; electronic m
nozaki@ee.uec.ac.jp
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The AlGaN/GaN MODFETs used in this study we
grown by rf-assisted molecular beam epitaxy~MBE! on a
sapphire substrate. The device fabrication was carried
using HRL’s baseline process for a 0.25mm gate length. The
detailed structure and fabrication processes of the MODF
are described elsewhere.2 The AlGaN layer on the undope
AlGaN spacer in the MODFETs was doped with
31019Si/cm3, and the Al mole fraction was kept constant
0.3 for all the AlGaN layers. Hall samples were made
forming four ohmic contacts to the two-dimensional electr
gas~2DEG! in a cloverleaf pattern.

During the variable temperature Hall measurements,
electron concentration and mobility of the AlGaN/Ga
modulation doped heterostructures were measured f
room temperature to 70 K and then back to room tempe
ture in the first measurement. The experiment was repe
one month later. In the second experiment, the tempera
was decreased from room temperature to 80 K, and then
sample was exposed to white light from a light emitting d
ode ~LED! for 5 min. After the light was turned off, the
temperature was again increased to room temperature.

The drain current–voltage characteristics of seve
MODFETs were measured at room temperature with
HP4140B pA meter for the slower measurements an
HP4145B semiconductor parameter analyzer for the fa
measurements. The gate and drain voltages were varied
23.5 to 22.5 V and from 0 to 5 V, respectively, both i
steps of 0.1 V. The measurement times of one device by
HP4140B and HP4145B are in the order of several minu
and seconds, respectively. In the slower measurements
drain current–voltage characteristics were also measured
der illumination with a white LED from the back of th
wafer.

The drain-current DLTS, similar to the one described
Valois and Robinson,6 was carried out by applying a puls
bias to the gate with a fixed drain voltage of 5 V. The dra
current (I D) transients were recorded from 80 to 300 K
increments of 1 K with a digital data acquisition system.

the

l:
6 © 2001 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp



lit
ar
r
o

re
el
em
tr
e
ow
su
th

n
uc

e
th
io
on
ca
to
a

e
ea
g
N
a
ex
t
i

in
on
ic

t

he
280

nce
not

tra-
ro-
in

ight
er.
of
DX

ot
t
s in
aN/

ge
The
istic,
ant

a
ure-
n.

gate
pse
in

-
ob-
tron

ain
gate
at a
nt
gate
-

nts

the

re.
ith

fi
es
af

aN
or a

2897Appl. Phys. Lett., Vol. 78, No. 19, 7 May 2001 Nozaki et al.
DLTS spectrum was obtained by plottingDI D
1/2 versus tem-

perature, whereDI D
1/25I D

1/2(t1)2I D
1/2(t2) for times t1 and t2 .

Figure 1 shows the electron concentration and mobi
of the AlGaN/GaN modulation-doped heterostructure at v
ous temperatures. The solid and dashed curves are fo
first and second experiment, respectively. The electron c
centration~filled circles! and mobility~open circles! are sig-
nificantly higher and lower, respectively, at all temperatu
in the second measurement. The decreasing rate of the
tron concentration becomes smaller with decreasing t
perature, and at temperatures lower than 100 K, the elec
concentration becomes nearly independent of temperatur
significant increase in the electron mobility is seen at l
temperature in the first measurement, as expected from
pression of the scattering by ionized impurities, but not in
second measurement.

Drummondet al. also showed a much smaller activatio
energy in the AlGaAs/GaAs modulation doped heterostr
ture than that observed in bulkn-AlGaAs with the DX
centers.11 In a similar manner, the electron trapping in th
AlGaN layer reduces the band bending of GaN and then
electron concentration in the 2DEG channel. The activat
energy calculated from the Arrhenius plot of the electr
concentration is several meV. This does not seem to indi
the thermal energy of the trap level, probably due
temperature-dependent parallel conduction via the AlG
layer resulting from electron trapping.

The decrease in the carrier mobility, at low temperatur
by as much as a factor of 5, was accompanied by an incr
of the carrier concentration during room temperature stora
this points to a loss in 2D conduction at the AlGaN/Ga
interface. We suggest that this might be due to moisture
sorption of the undoped AlGaN layer caused by the air
posure after the first measurement. It is not clear, whether
enhanced parallel conduction through the AlGaN layer
directly related to the formation of DX-like deep donors
AlGaN,12 or due to another type of interface degradati
during the storage. Better surface passivation in later dev
seems to have eliminated this problem.

The electron concentration increased from 1.3531013 to
1.4831013cm22 by illumination in the second measuremen

FIG. 1. Temperature-dependent electron concentration~filled circle! and
mobility ~open circle! in the AlGaN/GaN modulation doped heterostructu
The variable-temperature Hall measurement was carried out twice w
one-month storage in air between the measurements; the data for the
and the second measurements are shown by solid and dashed lines, r
tively. The electron concentration obtained in the second measurement
turning on a white LED is shown by X.
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as shown with the symbol X and an arrow in Fig. 1. T
concentration remains the same at all temperatures up to
K even after turning off the LED. This suggests the prese
of PPC. The illumination near room temperature does
affect the concentration.

The temperature dependence of the electron concen
tion and PPC in the AlGaN/GaN modulation doped hete
structure is similar to the one previously observed
AlGaAs/GaAs modulation doped heterostructures and m
also be attributed to DX-type centers in the AlGaN lay
However, it should be pointed out that the observation
PPC is not necessarily a manifestation of the presence of
centers in the AlGaN layer. Hirschet al. reported PPC at
room temperature in unintentionally dopedn-type GaN and
attributed it to electron trapping in the GaN, which is n
related to DX-type behavior.12 Since in our case PPC is no
observed at room temperature, it is unlikely that such trap
GaN are responsible for the observed PPC in the AlG
GaN modulation doped heterostructure.

Figure 2 compares the typical drain current–volta
characteristics for the faster and slower measurements.
faster measurement represents a normal FET character
while that for the slower measurement shows signific
compression of the drain current, which is attributed to
decrease in the channel conductance during the meas
ment. The latter characteristic is not affected by illuminatio
The amount of compression depends on the drain and
bias. The drain current compression is similar to the colla
of the drain current characteristic observed at 77 K
AlGaAs/GaAs MODFETs,5 which is associated with elec
tron trapping by DX centers. Since the compression is
served here only in the slower measurement, the elec
trapping is expected to be slow.

To confirm the electron trapping mechanism, the dr
current transients were measured for various drain and
voltages, see Fig. 3. The transient is more pronounced
higher drain voltage. At a drain bias of 5 V, the transie
behavior becomes more pronounced at more negative
bias, and for a gate bias of22.5 V, the drain current de
creases by as much as 40% within 10 s.

For the DLTS measurements, the drain current transie
were obtained by applying a gate pulse of23 V with a pulse
width and period of 100 and 500 ms, respectively, to

a
rst
pec-
ter

FIG. 2. The drain current–voltage characteristic of the AlGaN/G
MODFET for slow measurements. The current–voltage characteristic f
fast measurement at the gate voltage of22.5 V is also shown for compari-
son.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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AlGaN/GaN MODFET biased at gate and drain voltages
22 and 5 V, respectively. Since more electron trapping
expected at more negative gate voltages, as seen in Fi
the electrons are captured during the pulse and emitted
the pulse. The DLTS spectra calculated from the transie
for t2 of 16, 28, 51, and 97 ms and the fixedt1 of 11 ms are
shown in Fig. 4. Each spectrum shows three peaks near
K, 160 K, and 230 K. Using an Arrhenius plot, the activati
energy for the peak near 230 K was found to be 0.28 eV

The emission time constant from this trap at 300 K
extrapolated to be 0.5 ms, while the capture time estima
from the decay of the drain current in Fig. 3 is at least 0.5
It should be noted that the transient consists of two expon
tials with time constants of 0.5 and 15 s. Therefore, the tr
with activation energy of 0.28 eV cannot be responsible
the electron trapping causing the compression of the dc d
current in the AlGaN/GaN MODFET at room temperatu
Traps with considerably larger activation energy must
present in the AlGaN/GaN MODFET to explain the lon
current transients seen in Fig. 3. The DLTS peak for s
traps may appear only at a temperature much higher than
K, outside the range of the present experiment.

As discussed earlier, the temperature-dependent 2D
concentration and the PPC observed in the AlGaN/GaN
erostructure are most probably a manifestation of the p

FIG. 3. Drain current transients for various gate voltages~21, 21.5, 22,
and 22.5 V!. The drain voltage was set at 5 V. The drain current is n
malized by dividing the drain current by the drain current at time 0 for e
transient.

FIG. 4. Drain-current DLTS spectra witht1511 ms andt2 of 16, 28, 51,
and 97 ms. The emission activation energy is calculated to be 0.28 eV
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ence of DX-type centers in the AlGaN layer. However,
appears to be unlikely that the traps observed here by DL
are actually caused by the DX centers in the AlGaN layer
0.28 eV, the emission activation energy obtained by DLT
is much smaller than the theoretically predicted value of
eV.10 In our DLTS measurements, the gate bias is pulsed
a more negative voltage to fill the traps. If they are presen
the AlGaN layer, the traps might stay filled with electro
when a positive or less negative bias is applied to the gate
is in the case of the AlGaAs/GaAs MODFETs.6,7 Therefore,
the traps with an activation energy of 0.28 eV may actua
not be located in the AlGaN layer. It should also be me
tioned that compression of the drain current observed at
crowave frequencies is more distinct at a smaller nega
gate bias4 and may not necessarily be caused by the sa
traps causing the dc drain current compression or those
an activation energy of 0.28 eV.

In conclusion, we have shown electron trapping in t
AlGaN/GaN modulation doped heterostructure and comp
sion of the dc drain current in AlGaN/GaN MODFET stru
tures. The compression is observed only in slowI /V mea-
surements; it may be easily overlooked if one performs a
measurement of the drain current. The temperatu
dependent behavior of the electron concentration and pe
tent photoconductivity observed at low temperature sugg
that the traps responsible for electron trapping are most p
ably DX-type centers in the AlGaN layer. The traps with
activation energy of 0.28 eV found here by DLTS are like
to be neither responsible for compression of the dc dr
current in the AlGaN/GaN MODFET nor the DX center.

For the Hall effect measurements use of facilities
Lawrence Berkeley National Laboratory’s Materials Scien
Division are gratefully acknowledged. This work was su
ported by the Air Force Office of Scientific Resear
~AFOSR! under Contract No. F49620-98-1-0135.
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